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NOTES AND CORRESPONDENCE

Wind Stress Drag Coefficient over the Global Ocean*

A. HI1ROi KARA, At.AN J. WAI LC(RAIT, Fi. JOSITH MT.F R,* AND II AIZI FY F. II1t'M~ BUTt'

O)ceimograpliv Divi.s/opn. Naval Rseseatch Laboraforl. siefni, Spac Celact, .4tivkivippi

OwuRs W. F'AIRAIIt

Pln.it St iticieu Dil isioll. .V()AA/Eautih Svmcmeo Re.warchI Laboratorv. Boilddrc; , ,rdo

(Marniscript reevkced 18 December 2006, in final fornm 10 April 2007)

AB3STRACT'

I nterannuat and cli matological \ariations of wind stress d rap coefficient ((',)) are exa mi ned oNci tile
global ocean fromn 1N8 to 2004, Here C1, is calculated using high temporal resolution (3- and 6t-hourlv)

suraceatmsphricsarabes romtwodatset:I) the 40-yr F uropean Centre for Medium- Ra nge Weat tier
Forecasts (EUMWF) Re-Analvsis (LRA-40) and 2) tite Navy Operational Global Atmnospheric Prediction
Svsten (NOG APS). Itie stability-dependcnt r,algorithmil apptiedt to both datasets gives atlmost identicat
Values over most of the global ocean, confirming thle validity of results. Overall. majotr findings of this paper
are as foltosss: I1) the C,, value can clhange significantly (e.g., >50'%) on 1 2-hourly timle scatles around the
Kuroshio anld Gutlf Streirm currenlt sNvstemts: 2) tllere is strong seasonal variability in f, btut there is not
tituch inicirannuat change in tIle spatial variability for a givetn mnonth: 3) a globat icanl ( 1, - 1-15 x 10)
is fouind ill all mionthis, white C,, 1.5 x t0O is prevalent over tile North Pacific and North Atlantic Oceans
and in southern hlighl-LI itiude regions as wetl, and C,, -- I .0 x 1- is ltypicat in the eastern eq uato rialt Paciltie
cold tonigue: and 4) including the effects of air-sea stability ott C,, generally Causes an inlcrease of -21'% itt
comparison to the o-tte calculated based oit neuLt rat contditions intl e tropical regions. Finally, spatial ly and
ternporal1v varvingt,, fields are thlerefore needed for a variety of climate aild air sea interaction studies.

1. Introduction and motivation speed at 10 m above the sca surfacc (V,,). thc denlsity of'
air (p, and at dimetnsionless drag coefficient (C,)) with)

The mornentLtM exchange between the atmosphere T p,C/, V,2

anld ocean throug~h wind strecss is of importance for 1'rcviouslv, attention has beeii given to contstruct ion
maniv purposes. including air-sea interaction studies. of wind stress cliniatologies over the global ocean
climate studies, ocean modeling, and ocean prediction. (Chelton et al. 1990) and experimental analysis of C,, at
Wind stress is typically obtained frotm bulk parameter- a few particular locations (Donclan ct at. 1997). Based
izations that estimate turbulent fluIXeS using standard on the authors' knowledge there is no quantitative
111CI01-r1 toical data (e.g.. Fairall cl it]. 2003). In par- study examining the spatial and temporal vairi:tbilitv of
ticular, the total wind stress magnitude (7-) at the ocean C/,. a parameter that is used for calculating T, ve the
surface can be calculated froml the square of the wind global ocean. Experimental nmeasurenicrats for (,are

t-arely available. and those that at-c availa ble do nttt
__________have sufficient temporal and spatial resolution to tde-

Naval Research Laborato,rv Contribution Number NRLIA/ termline its global distribution. In addition, prior to Ille
7320!06"70). 1990s there were uncertainties in the accuracy of necar-

__________surface mecteorological variables from the existing ar-

Coio,.ponin awoi devs.: Bro Kna- avl Rseach chived numerical weather prediction centers, Such as

Laboratory. (ode 7321). tSldg. 1(KI9, Stenlnis Space ('enter. NI the European Centre for Medium- Range Wcather-
3(J529-50014, Forecasts (L('MW[-) and the National C'enters for Eni-
F-inail:;i,ta:@nlsnvni vironmntnal P'rcdiction (NCFf), pr-c~Nrting I he acecu-

D)0L 10, 1 l7S/2(X)f7XLI1825. 1

20080211246
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rate calculation of (, based on bulk variables. For cx- resented as a combination of a wind speed depcndent
ample, a study that explores climatological mean fea- neutral coefficient (or, equivalently, a roughness
tures of C,, over the global ocean was presented by length). a hydrostatic stability dependence, and in sonle
Trenberth ct a]. (1989). That study was limited to cal- cases an enhancement at low wind speeds associated
culating near-surface stability based on monthly mean with wind gustiness (e.g.. Fairall ct al. 2(3).
atmospheric variables (2.5' x 2.5' resolution) at the Various formulations of C,, via surface roughness are
1(X)-mb level from ECMWF (1980-86), which was the available. They are based on friction velocity (rather
onlv available product from ECMWF at that time. That than V,) and do not include any air-sea stability de-
study did not examine diurnal and intcrannual varia- pendcncc on C1, using air-sca temperature difference
tions in C, either. or vapor mixing ratio values. There are also (', param-

The quality of archived products, such as these from eterizations based solely on V, (e.g.. 'lrenberth et al.
E('MWF. has greatly improved since that time. The 1989). A constant C1, value has been used in malv
amount of observational data has greatly increased and studies (e.g., Kessler and Kleeman 20(): Sura et al.
better assimilation methods have been developed. 20W): Koracin et al. 2004). Obviously, wind stresses that
Thus, it is now possible to better determine air-sea are calculated using such constant values exclude the
stability and to investigate spatial and temporal varia- significant changes in magnitude that can occur duc to
lions (diurnal. intcrannual, and climatological) of C, effects of air-sea stabiliy in C,. Several formulations
over the global ocean-the major goal of this paper. include a simple form for stability effects on C,, based
This will be accomplished using an algorithm, which on air-sea temperature difference (e.g.. Smith 1988).
fully takes the air-sea stability into account. However, water vapor flux is also an important param-

A study that examines the global variability of C,, is eter determining stability, especially in tropical region,s
desirable given the fact that the use of an inaccurate C,, (Kara et al. 2005). In particular, because of the expo-
in Calculating wind stress may result in serious errors. ncntial increase of saturation vapor pressure with ten-
As an example. ignoring the effects of water vapor flux perature, in some regions, humidity has a first-order
in the parameterization of ('C, can give a wind stress effect on the stability.
value that is '-6 times less than its actual value at very For the reasons mentioned above, a paramietcriza
low wind speeds (Kara ct al. 2005). This is particularly lion that takes full account of stability in calculating (,,
true on short time scales because of air-sea stability is required. The detailed parameterization presented in
(e.g., day and night). In other words, averaging stan- Kara et al. (2(X)5) is used here. The formulation is based
dard meteorological variables over i day may generally on the state-of-the-art Coupled Ocean-Atmosphere
give neutral conditions (e.g.. the difference between Response Experiment (COARE) bulk algorithm (ver-
near-surface air and sea surface temperature is almost sion 3.0). which employs a turbulence theory based on
zero and relative humidity is 10%). This is generally the iterative estimations of the scaling variables to de-
not the case for daytime versus nighttime conditions. terminc stability-dependent C,,. The stability-dcpcn
For this reason, C1, needs to be calculated at fine tern- dent C,, as used in this paper, is expressCd as simple
poral resolution (e.g.. every 3 or 6 h) and then averaged polynomial functions of air-sea temperature difference.
over a day. using air temperature at 10 in. V,, at 11 in. and relative
( iiNen the need for proper determination of stability- humidity at the air-sea interface to parametcri/c air

dependent C, in calculating the wind stress magnitude sea stability. Because of deficiencies in the ('OARF
over the global ocean, the main focus of this paper is algorithm itself at high winds and ongoing debate. ( ,
threefold: 1) present spatial and temporal variations in is kept constant in the parameterization for winds
C,, for use in climate studies. 2) determine regions >20 m s .
where there is strong/weak seasonal variability, and 3) All variables for calculating C,, over the global ocean
reveal if there is any interannual variability in C,, or if are obtained from an archived gridded (I X I ') prod
substitutingi a climatological mean may be appropriate uct-thc Fleet Numerical Meteorology and ()ccanog-
over the different regions of the global ocean. raphy ('enter (FNMOC) Navy Operational (Global At-

mospheric Prediction System (N()( APS: Rosmond et

2. Methods and data al. 2002). N0(iAPS is particularly chosen because it
provides the abovc-mentioned atmospheric variables at

The parameterization of (, is still an active field high temporal frequency (3-hourly), a critical require-
with considerable diversity of approaches available in ment to take air-sea stability into account. ()n the other
the literature (e.g., Taylor and Yclland 2001; 1 wang hand, in section 4 we will also use similar 6-hourly at-
20tt5). Simply stated. the drag coefficient is usually rep- mospheric data from FCMWF to further confirm the
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validity of (1, values over the global ocean. The drag changing from 0OOOZ to 1200tZ. [or example, V, is 9,1
(, is computed from 1998 to 2004. the period when (11.9 m s-'), air-sea temperature difference is 2.1
suitable archived NOGAPS data are available as of this ( 5.3"(), and relative humidity is 89% (66"%) at 38)N.
writing. 70W in the Gulf Stream region at 00() (1200/). The

)ur availability of 3-hourl surface atmospheric vari- corresponding (l, X 10 valuc is 1.14 (1.56). Ihc (", in
ables from NO(GA'S started in 2001: thus we use the western equatorial Pacific has much less variability
6-hourly data from 1998 to 2000 and 3-hourly data from than that in the Gulf Stream and Kuroshio current sys-
200)1 to 2004. 'lThe (, is first calculated at each 3 (or 6)- tems.
hourly time intcrval at each grid point over the global Time periods (00Z and 120Z) were chosen ran-
ocean. Monthly means are then formed. A time series donily in order to investigate changes over a 12-h time
of 1998-2(tX4 may not be long enough to derive a cli- period. The ratio of (,, Ii.e.. (,,(at 0t0Z)i(C,,(at
matological mean or to show intcrannual variability 12t()] is roughly out of phase in both the Gulf Stream
however, it would still reveal general features of C and Kuroshio regions if one considers the day/night
over the global ocean. An examination of C,, per- cycle (i.e.I bingday/nightin the (;ulfStrcam and night/

formed over a long time period (e.g.. 1979-202) can be day in the Kuroshio). To capture the full diurnal
accomplished utilizing atmospheric variables from the change, the comparison in each region is also inade
FCMWF Re-Analysis. a topic which is mentioned in between the C,, map at tile 3-hourly sampling time clos-
section 4. cst to high temperature and the map at the time closest

to low temperature. The resulting ratio ValuCs cleallv

reveal that there are indeed large changes in (, from
3. Daily cycle of stability-dependent drag day to night in both regions (not shown), and the re-

coefficient suiting ratios for C,, generally resemble those shown in

The effect of slability onl C1, can be neglected on Fig. lb.
lTe ec('hangcs in (, mnritioned in the preceding analysis

longer time scales (i.e., monthly). This is justified by the were for a particular day. Thus, a lot of the differences
fact that the atmosphere is generally neutral or slightly could be temporal but not necessarily diurnal. 'Tbus, we
unstable over the open ocean. Such conditions arc only also investigated tle mean diurnal variabili l of C/s, b\
true for wind speed values between 6 and 25 m s 1. as
discussed in Ionekamp ct al. (2002) in detail. I lowever, averaging values at each 3-hourly interval from OOOZ

wind speed can be outside this range over many regions to 12(X)Z and from 12)tZ to 24(9)Z over a Ionth. The

of the global ocean. In addition, changes in stability ratio of C,, during the two time periods is generall

t found to be within -5% (4 10%) during the NorthernthrUgh air-ea temperature and relative humidity dif-here winter summer
ferences near the sea surface do indeed exist when con- p
sidering the diurnal cycle of near-surface atmospheric Regarding the preceding analysis, we need to enpha-

variables. This would certainly affect C/,, a stability- size that the Current paranctcri7ation of C,, ignored

dependent parameter. the effects of ocean currents and waves. Such factors

Ilhus. a few particular qtestions arise here: how vari- are particularly important, given that this paper focuscs

able (spatially and temporally) is C, for a given dav? on several regions experiencing iclativcly strong cur-

To answer these questions C,, values calculated from rents, such as the Gulf Stream and the Kuroshio. [or

the formulation of Kara et al. (2(X5) using data from example, it is well known that especially in regions of

NO(GA'S (see section 2) are analyzed on 6 January strong currents, it is not simply the wind speed that is

2004. This day is chosen just for illustrative purposes. important but the vector difference in wind speed and

Figure la clearly demonstrates large spatial variability ocean current speed and waves. In addition, possible

in (,, over the global ocean. impacts of ocean currents and wind waves on C/, have

To examine the temporal variability of (,,, a few been discussed in various studies (e.g., Wuest and
zoom regions, surrounding two major oceanic current L.orke 2003). On the other hand, a previous study based
sVstems ((Gulf Stream and Kuroshio) and the western on a high temporal resolution global dataset demon-
cquatorial Pacific warm pool, arc selected. The C,,, is strated that strong ocean currents near the western
shown at 00(XtZ and 1200Z (Fig. I b). The increase or boundaries (Kuroshio and (611f Stream) do not sub-
decrease in C,, from (t()Z to 1200Z can be larger than stantially influence (,, (Kara et al. 2007). This is due to
50% near regions around the Gulf Stream and Kuro- the fact that the winds and currents are generally not
shio its evident from the ratio values. As expected, this aligned or locally correlated. In particular. that stuldV
variability is due to the wind speed and air-sea stability revealed that the combined outcome of ocean currents
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(a) Drag coefficieiit (CD) X 10a) over the global ocean on 6 Jan 2004 (00Z)
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ice is quite diffcrent from that over the sea. and it is not C, by substituting the similar atmospheric \ariables
the purpose of this paper to discuss sea ice drag coef- from another global dataset, the 40-\r FC'MWF Re-
ficients. The ice-free regions over the global ocean (ice Analysis (ERA-40) from the years 1979 to N02 (Kdl-
covered shown in gray) arc determined using an ice- berg et al. 2(04). For simplicity. C, values calculated
land mask based on data described in Reynolds ct al. from NOGAPS and ECMWF data arc compared [or
(2(02). the months of January and June (Fig. 3). [his is done

The most significant feature evident from fields is for two different years. 2W00 and 2001. to investigate the
that (', changes month by month during 1998-2004. consistency of the (7, comparison in different years.
4lhis suggcsts that spatial and seasonal variations in Cj, ('lcarlv. there arc no significant differences bctw,Cn (,
need to be taken into account in climate applications, values calculated from NOGAPS and ERA-40. as e%i-
especially in the high northern and southern latitudes. denccd by C, ratios close to I over most of the global

)n the contrary, there is little intcrannual variability ocean (Fig 3). The seasonal variability ol (C1, is prop-
for a given month. The Cj) values that are as large as erly represented using either one of the datasets. ('om-

- 1.5 x 10 in February become as low as - 1.1 X parisons of atmospheric variables (e.g., wind speed, air
10 in August over most of the North Pacific and temperature, etc.) between NO(GAPS and ERA-40 arc
North Atlantic Oeans, including the regions around beyond the scope of this paper. Ilowcvcr, as denon-
the Kuroshio and (Yulf Stream current systems. In fact, strated here. both datasels give almost identical (C ,al-
a close examination of spatial fields near the Kuroshio ties over most of the global ocean. implying close agree-
region reveals that there is an >50% change or more ment in surface atmospheric variables between the Iwo.
in C,, from February (>1.6 x 10 ') to August (:E1.1 x Finally, we also investigate the impact of stability on
10 '). The C,, value increases again in November. This (',. It is possible that a user would like to compute (/4

is not surprising given the fact that there are even larger based on only wind speed because air-sea temperatures
differences for a given day (see Fig. 1). The strong sea- and humidity may not be available or nissing in an in
sonality of C,, is also evident al high southern latitudes. situ dataset. Thus. the user would like to know the ac-

Previously, Trenberth et al. (1989) also noted similar curacy penalty when only wind speed is used for calcu-
results, in that (', at high latitudes is generally larger lating C;,. To answer this question. more calculations
than in the 'lropics. I lowcvcr. C, values as low as 51 x arc performed. Lssentially, we use 0-hourly atn1o-
10 , which are seen in the eastern equatorial Pacific spheric variables from ERA-40. spanning 1979 through
cold tongue in August and partially in November (Fig. 2M4)2. We calculated C',, using (i) the air-sea tempera-
2). were not detected in their study. This is due mainly ture difference of zero along with relative humiditv of
to the different gridded data and resolution used for 100 (i.e.. neutral conditions) and (ii) the actual air-sea
calculating ('C, [the coarse-resolution 2.5" x 2.5" temperature difference and relative humidity (full slat-
E('MWF 100o-mb data (1 980)-86) versus the relatively bility). Both (i) and (ii) are done at each grid over the
fine 1.0" x 1.0' N()(APS surface data (1998-2(X)4) global ocean.
used in this paper]. The winds at 1000 mb can also be We first calculate C',, and wind stress at each 6-hourlk
very different from the winds 10 in above the sea sur- time interval and then form monthly mean (', and wind
face. lowever, those were the only data available at stress for each year. Finally. a monthly mean climatol-
that time. In addition, there were known deficiencies in ogy is formed for both quantities over 1979-2(H12. This
the earlier FCMWF data. especially in tropical regions, is done to provide an easier presentation of the results.
as indicated in their study. The difference (long-term mean bias) between (, cal-

()ne important remark here addresses an aspect of culatcd based on full stability (ii) and that calculated
uncertainty in the value of C, presented in Fig. 2. As based on neutral conditions (i) clearly demonstrates a
mentioned previously. C, was calculated using atmo- significant effect of air-sea stability on C, even on
sphc,ic variables (air temperature and wind speed at 10 monthly time scales (Fig. 4a). The (', including effects
m. sea surface temperature. and relative humidity at the of the stability is generally larger over most of the glo-
air-sea interface) from NO(GAPS. Possible inaccura- bal ocean. If one computed (', based on neutral stabil-
cics that may exist in these variables can be associated ity as opposed to the full stability. errors could be very
with errors in C,. Thus, one might argue that there is large and might be larger than 20% cspecialIv in the
not nearly enough information to make an estimate as tropical regions (Fig. 4b).
to whether the errors in atmospheric variables from
No( iAPS would outweigh any signal in (,4 variations 5. Summary and conclnsions

discussed in this paper. There arc no detailed studies examining the vat iabil-
For the reasons mentioned above, we also calculate ity of (", on shorter (e.g.. diurnal and daily) and longer
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(ai) Mean bias in "ntentrall" drag coefficient (CL) 10a) (1979-2002)

3 0 0 0

(6) incerease in -ntentr;d" drag coefficient (1979-2002)

Fi(, 4. (a) D)ifference between the drag coefficient calculate([ using lull air-set, stabilit, dependence

and the one calculated using neutral contditions'The latter is subtracted tron the formner. As explained

in the text, differences in (,are calculated at each grid point over the global ocean druing 19~79 2(9)2.
(b) P'ercentage ratio oif the drag coefficient computed using~ full air wea stabilitY to the one computed
uNing neutral conditions ov er the global ocean during 1 979-2()2.

ing the robustness of the fields presented in this paper, to the actual error that takes full stability int the ac-
One important conclusion arising from this paper is count. Such errors are even larger (typically -20%) in
that ignoring the effects of air-sea stability in comPut- the tropical regions. Finally. an examination ofC(,, over
ing C1, generally results in >_10% error in comparison the global ocean using other paramcicrizations mav
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